Introduction
Atmospheric pollutants, mainly S 0 2 and oxi dants such as N O x, 0 3 and peroxyacetonitriles (PAN), are often held responsible for the injury to the forest ecosystem of Central Europe. One o f the visible symptoms o f "W aldsterben" is the yellow chlorosis (partial bleaching) of plant material fol lowed by necrosis o f the needle or leaf [1] . The gen eral action of these pollutants in plant physiology has been described [2] , but unfortunately there are few reports on the effect of mixtures of air on plants [3] , a situation which is perhaps more realis tic.
Chronic injury symptoms such as chlorosis in leaves and needles have been reported [2] whilst m ore acute symptoms include orange-red pigmen tation in injured tissue of conifers and white bleaching in other species. At high S 0 2 concentra tions decomposition of chlorophyll to phaeophytin has often been reported [4] [5] [6] . It is particularly R ep rin t requests to D r. A ndrew Y oung.
Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0341-0382/90/1100-1111 $01.30/0 interesting to note that, in contrast to S 0 2, degra dation o f carotene specifically has been reported in NO x treated tissues [7] , In addition to the direct effects o f atmospheric pollutants Elstner and co-workers [8] have identi fied both acid precipitation and infection by para sites (viruses, bacteria etc.) as possible sources of damage. The direct effects of acid rainfall on plant material are not well reported although Cowling and Linthurst [9] report the form ation of necrotic lesions and loss of nutrients, especially Mg2+ and Ca2+, through leaching. This may, in turn, give rise to nutrient-induced chlorosis as described by Kinzel
Pigment bleaching is one of the major visible symptoms of damage to needles. Although caro tenoids are well known for their protective role against photooxidation in the chloroplast, few studies have investigated the fate of carotenoids in damaged needles. The aim of this study is to deter mine the carotenoid composition of undamaged spruce needles and to identify patterns of pigment destruction in chlorotic and necrotic needles. The pigment com position o f a range o f needle ages has been determined.
Needles of spruce (Picea abies L.) were obtained from the Bavarian Forest in April. All samples were taken from branches from the 1 1th whorl of 28 year-old trees in the " Ludwigsreuth" area which is located 845 m above sea level. The levels of pollutants at the nearby permanent m onitoring station of Brotjacklriegel are shown in Fig. 1 . M a terial was collected from 5 trees: (I) control, (II) a tree showing visible signs of damage for 6 m onths or, (III) for 3.5 years, (IV) a former damaged tree which has received fertilizer application (NPKM g) and, (V) as (IV) but infected with an endophytic needle fungus. All needles from trees (I) and (IV) were green, those of (IV) being much darker in col our. Needles from trees (II), (III), and (V) were either light-green (current year), partially chlorotic (previous year and older) and partially or totally necrotic (previous year and older). Three sets of needles o f different ages (current year, previous year and year 4) were taken for analysis by high performance liquid chrom atography.
Pigment analysis
Analyses of chlorophylls and carotenoids were made on ethanolic (redistilled) extracts o f approxi mately 100 mg (wet weight) of needles. Reversedphase high performance liquid chrom atography (HPLC) was performed with a Zorbax-ODS col umn (5 |im, 4.6 mm x 25 cm) and a solvent gra dient of 0 -6 0 % ethyl acetate acetonitrile/H 20 ) (9:1) over 16 min followed by 14 min isocratic at 60% ethyl acetate. Carotenoids were identified by their retention times and electronic absorption spectra (^max), or in the case of chlorophylls by their "Soret" peaks. Spectra were determined on-line by means of a HP 1040 A Diode Array De tector (Hewlett-Packard). Mass spectrometry was used to confirm identifications.
Results and Discussion
All branches of the damaged trees taken for pig ment analysis exhibit the characteristic yellowing symptom. The current year's needles remain green until new growth commences in late May or June (for Ludwigsreuth). Yellowing starts at the tip of the previous year's needles and proceeds, preferen tially on the upper (sun exposed) side, towards the needle base. Such yellowed needles do not neces M aterials and M ethods sarily fall immediately but may remain on the tree for many years.
The HPLC separation o f carotenoids and chlo rophylls found in P. abies is shown in Fig. 1 . The pigment com position is typical of higher plants with a-and ß-carotene, lutein, violaxanthin and neoxanthin present as the major carotenoids. In addition, small am ounts of antheraxanthin, lutein-5,6-epoxide, zeaxanthin and, occasionally, ß-carotene-5,6-epoxide were detected in the needles. Ta ble I shows the pigment composition of the control needles. C urrent year, light-green and 4 year-old dark-green control needles collected from a single branch. Although there was little overall difference in the carotenoid com position of these needles, to- tal carotene (a-and ß-carotene) levels were higher in the current year needles. Chlorophyll a/b ratios, which are suggested to be indicative of sun/shade responses [1] showed little variation. Interestingly, violaxanthin levels were higher in the older darkgreen needles, possibly due to adaptation to differ ent light regimes or even prolonged exposure to low levels of pollutants (see below). It is not known why this should be so; the violaxanthin cycle (i.e. the de-epoxidation o f violaxanthin to zeaxanthin via antheraxanthin) may be involved although the reduction in violaxanthin content is not reflected in any subsequent rise in levels of zeaxanthin. Needles from trees that had shown signs of damage for a total of either 6 m onths (II) or 3.5 years (III) prior to analysis could be placed into three categories as shown in Table II : (i) fully green though lower in pigmentation than the con trols, (ii) partially chlorotic with yellow tips, and (iii) partially or wholly necrotic brown needles. Generally type (i) consisted o f current year nee dles, whereas types (ii) and (iii) came from pre vious and older (years 3 and 4) needles.
In the type (i), apparently healthy green needles, from the damaged trees, the pigment composition was similar to that of the control, current year, needles. However, in the partially chlorotic needles o f the previous year (type ii) overall xanthophyll levels were much reduced. Again a reduction in violaxanthin levels was observed, although there was no corresponding increase in antheraxanthin or zeaxanthin levels. This would suggest that the violaxanthin cycle is not involved and that pig ments have been destroyed. Relative levels of aand ß-carotene, although variable, were higher in the previous year (type ii) than in the green, cur rent year, needles (type i) from the same trees, again suggesting preferential loss of xanthophylls over the usually more susceptible carotenes.
In the case of the brown, type (iii), necrotic nee dles (year 4) the recorded pigment loss was partic ularly large, especially the reduction in neoxanthin and violaxanthin levels (Fig. 2) . The minor xan thophylls, lutein-5,6-epoxide and antheraxanthin, could not be detected in these needles. Zeaxanthin levels, however, were elevated in comparison to those in either the healthy green or partially chlo rotic needles. In the necrotic needles therefore the reduction in levels of violaxanthin could apparent ly be compensated, at least in part, by de-epoxida tion to zeaxanthin. It is also possible that at least some of the zeaxanthin seen in necrotic tissues may have been formed de novo. Such a response is seen in many tissues as a consequence of long-term adaptation to "stress" conditions (e.g. transfer of plants to high light). In a number of photooxidative treatm ents involving photosynthetic tissues, both in vivo and in vitro, neoxanthin has been found to be as sensitive as ß-carotene to photo destruction [11 ] . Wolfenden and colleagues [12] analyzed the carotenoid content of plant material from field sites where 0 3 was thought to be the m ajor pollu tant and suggested that exposure to 0 3 may pro mote the epoxidation of zeaxanthin to antheraxan thin and violaxanthin. In a series of experiments carried out under controlled conditions in opentop chambers Senser and co-workers [13] observed that exposure of young spruce trees to a combined 0 3/acid mist stimulated an increase in the viola xanthin content of needles. Such changes could from part of a regulatory process leading to protection from light-induced stress, via the "vio laxanthin cycle" and production o f zeaxanthin [14] . However, exposure of barley seedlings to high levels 0 3 did not greatly affect these "violaxanthincycle" pigments [15] and did not prom ote either the de-epoxidation or epoxidation parts of the cycle preferentially. The possibility of a photoprotective role for the "violaxanthin-cycle" pigments in plants exposed to atmospheric pollutants should be assessed.
Lichtenthaler and Buschmann [16] found an in crease in xanthophyll/carotene ratios in brown, and particularly, in yellow needles. They also not ed a general increase in carotenoid/chlorophyll ra tio in all damaged needles, similar to the findings o f the present study. Such data is also consistent with the pattern seen during the senescence of pho tosynthetic tissues in a range of plants (unpub lished data).
Addition o f fertilizer to the soil around pre viously damaged trees (IV) appears to restore the needles to a healthy condition, as reflected by their carotenoid composition (Table III) . As with many of the other samples there was a large degree of variation between needles of different ages on a single branch. Particularly noticeable was a large variation in the total carotene levels as reflected in the lutein/total carotene ratio. This ranged from 2.48:1 for current year needles branch to 1.39:1 for 4 year-old needles. Such variation does, o f course, make interpretation of the data more difficult. The carotenoid content of needles taken from the tree (V) infected with an endophytic fungus (Table III) was very similar to those obtained for other dam aged needles, in which there was no evidence of fungal infection (Table II) . This may suggest that the destructive processes involved in the degrada tion of the pigment-protein complexes and their pigments in both these cases are similar.
Both chlorotic and necrotic needles have a high carotenoid/chlorophyll ratio in comparison to the control, suggesting a preferential loss of chloro phylls. In general, chlorophyll a levels were re duced to a greater extent than chlorophyll b, espe cially in necrotic needles. This may indicate that the reaction centres of PS I and PS II which are rich in chlorophyll a are damaged to a greater extent than the light-harvesting complexes which are rich in chlorophyll b. However, a corresponding loss of ß-carotene, the single m ajor carotenoid in the reac tion centres, was not seen and the lutein/total-carotene ratio remained relatively constant in all types of damaged needles. Lichtenthaler and Buschmann [ 16] noted that in spruce needles exposed to S 0 2 and N 0 2, chlorophyll a was destroyed at a quicker rate than chlorophyll b, and ß-carotene more rapidly than the xanthophylls. Such data is consistant with oxidative processes leading to the direct degra dation o f carotenoids and chlorophylls in the pigm ent-protein complexes.
In the needles examined in this study the relative levels of both a-and ß-carotene remained high in both chlorotic and necrotic tissues (Tables II and  III) thin levels may be much reduced. The recorded stability of ß-carotene in these needles could be due to the formation of plastoglobuli into which ß-carotene, released from pigment-protein com plexes, could be incorporated. Such plastoglobuli are commonly formed during the senescence of photosynthetic tissues and are rich in lutein and ß-carotene (unpublished data). These needles how ever did not contain any xanthophyll-acyl esters which are commonly found in some other plastoglobuli-containing plant tissues and may indicate their presence. The results suggest that the destruction of chlo rophylls and carotenoids in these spruce needles may be the result o f a senescent-type process possi bly prom oted by the poor nutrient status of the soils. The effect o f some gaseous pollutants (e.g. 0 3) can be, however, to induce pigment bleaching which is indistinguishable from the normal pattern of senescence seen in the same plant tissues [1 1 ]. There is no evidence from the analysis of the pig ment content of these spruce needles that direct photooxidative destruction of carotenoids has taken place in the m anner suggested by Elstner and colleagues [8] . In addition, pollutant levels in this part of Southern Germ any have remained relatively constant over the past decade (Fig. 1) .
